Abstract-In this paper, we propose a decentralized access control scheme for interference management in device-todevice (D2D) underlaid cellular networks. Our method combines signal-to-interference ratio (SIR)-aware link activation with cellular guard zones in a system, where D2D links opportunistically access the licensed cellular spectrum when the activation conditions are satisfied. Analytical expressions for the success/coverage probability of both cellular and D2D links are derived. We characterize the impact of the guard zone radius and the SIR threshold on the D2D potential throughput and cellular coverage. A tractable approach is proposed to find the SIR threshold and guard zone radius that maximize the potential throughput of the D2D communication while ensuring sufficient coverage probability for the cellular uplink users. Simulations validate the accuracy of our analytical results and show the performance gain of the proposed scheme compared to prior state-of-the-art solutions.
I. INTRODUCTION
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URRENT cellular networks are facing immense challenges to cope with the ever increasing demand for throughput and coverage owing to the growing amount of mobile traffic. Among various recent cellular traffic offloading methods, such as WiFi offloading and LTE in unlicensed spectrum, device-to-device (D2D) communication has the potential to handle local communication more efficiently and the ability to offload cellular traffic. The integration of D2D communication in cellular networks is envisioned as a promising solution for increasing spatial resource reuse and effectively supporting content delivery without significantly harming cellular traffic. D2D communication may also enhance link coverage, provide higher area spectral efficiency, and reduce end-toend latency, while enabling new location-based services and October 16, 2018 . This work was supported in part by the Swedish Foundation for Strategic Research (SSF), the Swedish Research Council (VR) and ELLIIT. This paper was presented in part at the 2014 IEEE Global Communications Conference [1] and at the 2015 IEEE International Conference on Communication Workshop [2] . The associate editor coordinating the review of this paper and approving it for publication was D. Niyato. (Corresponding author: Zheng Chen.) Z. Chen is with the Department of Electrical Engineering (ISY), Linköping University, 58183 Linköping, Sweden (e-mail: zheng.chen@liu.se).
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Digital Object Identifier 10.1109/TCOMM.2018.2834905 reliable public safety communications. An overview of D2D proximity services in 3GPP standardization activities and of the main challenges in designing D2D-enhanced cellular standards is given in [3] . D2D communication has recently attracted significant attention as key component for resource delegation schemes in emerging 5G ultra reliable, low latency communication (URLLC) systems. Despite the potential benefits, there are still significant challenges and design issues related to their efficient implementation, including interference management, self-organization capabilities, network discovery, and distributed resource allocation [4] . Direct communication between two devices without traversing the base station (BS) or core network can occur on licensed cellular spectrum (inband) or unlicensed spectrum (outband). Most existing work on D2D communication focus on inband D2D and especially on D2D underlaid cellular networks where D2D users opportunistically access the licensed spectrum utilized by cellular users [5] - [7] . In these network deployments, cellular links experience cross-tier interference from co-channel D2D transmissions, whereas D2D pairs experience both inter-D2D interference and cross-tier interference from cellular transmissions.
A. Related Work
There has been considerable interest in interference management techniques for D2D underlaid cellular networks. Power control and opportunistic medium access control are two effective approaches to harness interference in dense D2D networks. Several proposed techniques have been inspired by threshold scheduling [8] , spatial opportunistic ALOHA [9] and opportunistic channel probing [10] , which have been studied in the context of wireless ad hoc networks. Several D2D power control strategies are developed and evaluated using the deterministic network deployment model for optimizing different performance metrics [11] - [15] . Spectrum sharing between ad hoc and cellular networks using a random network model was studied in [16] , while power control in wireless ad hoc networks has been studied in [17] - [19] . In [20] , a random network model for D2D underlaid cellular networks is proposed, where both centralized power control and distributed channel-aware on-off schemes are investigated. Similar power control schemes in a single-cell network are considered in [21] , where the impact of channel uncertainty has been analyzed. Different opportunistic access control and link activation techniques for two-tier femtocell networks are proposed in [22] . Therein, contrary to [20] , 0090-6778 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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signal-to-interference ratio (SIR) knowledge is exploited to further increase the aggregate throughput. Interferer-channel aware scheduling for large-scale ad hoc networks is investigated in [23] and [24] a synchronous distributed scheduler for peer-to-peer ad hoc networks is proposed. None of these existing works on threshold-based scheduling takes into account the aggregate interference that a potential link receives from all concurrent transmissions. Moreover, performance analysis and optimization of SIR-aware opportunistic access has not considered. Guard zones around cellular receivers have been considered in D2D underlaid cellular networks as a means to boost the D2D throughput without significantly degrading the quality of service (QoS) of the cellular network [25] - [27] . Guard zone based protocols lead to inter-tier dependence among transmitters, i.e. BSs belonging to different tiers exhibit repulsion. Recent results on Poisson Hole Process [28] can be used to calculate interference and coverage probability in guard-zone based two-tier networks. A cognitive radio network model where no secondary users are allowed to lie within the guard zones of primary users is considered in [29] , where bounds on the outage probability are provided. Similar analysis for heterogeneous cellular networks with intra-tier and inter-tier dependence can also be found in [30] . Several recent works have considered Ginibre point process and Poisson hardcore hole process for the modeling and analysis of wireless networks with repulsion [31] , [32] .
Nevertheless, none of the aforementioned works have considered decentralized opportunistic D2D link activation scheme combined with cellular guard zones so as to maximize the D2D throughput subject to cellular coverage constraints. Therefore, the objective of this work is to design a distributed D2D access scheme, in which the activation decision is made based on the estimated signal-to-interference ratio (SIR) of each D2D link and the relative distances to the cellular receivers. The proposed scheme neither relies on iterative algorithms nor on centralized scheduling, hence is easy to implement in real systems with massive number of D2D nodes.
B. Contributions
In this paper, we consider a multi-cell D2D underlaid cellular network, in which uplink cellular users intend to communicate with their nearest BS while multiple D2D links coexist in the same spectrum. The locations of cellular BSs and potential D2D transmitters are both modeled using a spatial homogeneous Poisson point process (PPP). Motivated by the joint consideration of improving network throughput and providing necessary protection for maintaining the cellular link quality, we propose a decentralized opportunistic access scheme for the D2D users (transmitters), which builds on distributed SIR-based threshold scheduling and cellular guard zones. The activation decision of each D2D link depends on whether its estimated SIR exceeds a predetermined threshold and whether the D2D transmitter falls within cellular guard zones. As a result, only those D2D links that have high chances to have successful transmission while causing low interference to cellular receivers can be allowed to become active. Our access scheme contains two design parameters, the SIR threshold and the cellular guard zone radius, both of which affect the D2D potential throughput and the cellular coverage probability. For instance, with higher SIR threshold for D2D link activation and larger guard zone, less D2D links will be active (but with higher probability to have successful transmissions), and the cellular coverage will be less affected by the coexisting D2D communication in cellular spectrum. The objective of this work is to find the optimal SIR threshold and cellular guard zone radius which achieve the maximum D2D potential throughput with respect to a certain cellular coverage constraint.
One of the main contributions of this work is to propose a tractable approach to optimize these parameters, which in turn can be implemented directly in a wireless system without iterative or exhaustive searching of the optimal solution. Compared to existing scheduling schemes based on channel quality, our scheme takes into account both the received signal and interference level, and thus exploits potential throughput improvement by only allowing users with potentially high success probability to be active. Simulation results show that our proposed opportunistic access scheme with optimized parameters provides significant performance gains in terms of D2D potential throughput and cellular coverage probability compared to state of the art access control and link activation schemes.
Compared to the conference paper [1] , which studies a single-cell network and focuses only on the performance of D2D links, in this paper, we extend our analysis to multi-cell networks and provide cellular link protection with the help of guard zone techniques. Several basic expressions related to Poisson Hole Process (PHP) from [2] have been used in this paper, but the main contribution of this work lies in the performance optimization with joint consideration of D2D throughput and cellular coverage.
The remainder of this paper is organized as follows. In Section II, we present the D2D underlaid cellular network model. The proposed distributed access control scheme is presented in Section III and its performance is analyzed in Section IV. The proposed scheme is optimized in Section V. Simulation results are provided in Section VI and Section VII concludes our paper.
II. SYSTEM MODEL
We consider a multi-cell D2D underlaid cellular network, in which D2D links share the same spectrum with cellular uplink transmissions, as shown in Fig. 1 . The locations of cellular BSs are modeled as a homogeneous Poisson point process (PPP) Φ M = {y i : y i ∈ R 2 } in the two-dimensional Euclidean plane R 2 with intensity λ M , where y i denotes the location of the i-th BS. Cellular users are placed according to some independent stationary point process and are associated to the closest base station. The coverage area of a BS is represented by a Poisson-Voronoi tessellation (PVT) on the plane. We assume fully loaded network, that is, in each Voronoi cell there is always one active cellular user scheduled. Denote by Φ U = {u i : u i ∈ R 2 } the set of active cellular uplink transmitters; since each point u i is randomly dropped in the Voronoi cell covered by y i ∈ Φ M , the density of Φ U will also be equal to λ M . The distribution of Φ U can be seen as a uniformly random displacement of each cellular BS y i ∈ Φ M in its Voronoi cell. The pair correlation functions and the user-BS distance distribution in such softcore user point process has been investigated in [33] and [34] . The distribution of potential D2D transmitters follows a
2 , e i ∈ {0, 1}} with intensity λ D , where x i denotes the location of the i-th D2D transmitter and e i denotes its transmission mode: e i = 1 means that the transmitter is active, otherwise e i = 0. Potential D2D receivers are distributed at random isotropic directions around their respective transmitters and at a fixed distance d. All BSs, cellular and D2D users are equipped with a single antenna.
Due to resource sharing among the cellular uplink users and D2D pairs, the success of cellular and D2D transmissions depends on both intra-tier and cross-tier interference. Without loss of generality, conditioning on having a D2D receiver at the origin and its associated D2D transmitter at x i with fixed distance d from the receiver, its received signal-to-interferenceplus-noise ratio (SINR) is given by
where P d and P c denote the transmit powers of the D2D and cellular user, respectively; h j,i denotes the small-scale channel fading from transmitter j to the i-th D2D receiver, with |h j,i | 2 ∼ exp(1) (Rayleigh fading); d j,i denotes the distance from transmitter j to i-th D2D receiver. We consider a distance-dependent pathloss attenuation, which follows a standard power law, i.e. d −α where α > 2 is the pathloss exponent; σ 2 denotes the background thermal noise variance. Similarly, for the cellular uplink communication, conditioning on having a BS at the origin and its associated cellular user at u i , the received SINR at the i-th BS is given by
where g j,i is the channel fading from transmitter j to i-th BS, following the same distribution as h j,i ; l j,i denotes the distance from transmitter j to the typical BS.
In the remainder, we assume that the background noise is negligible compared to the interference, thus the SINR in (1) and (2) will be replaced by the signal-to-interference ratio (SIR) since σ 2 → 0. This is justified in current wireless networks, which are typically interference limited [35] and is a standard assumption in this stream of work. Background noise can be included in the subsequent analytical framework with little extra work.
III. D2D ACCESS CONTROL AND LINK
ACTIVATION SCHEME
In order to alleviate the interference problem introduced by spectrum sharing in D2D underlaid cellular networks, we propose a D2D access control and link activation mechanism, which involves two main methods: (i) using SIR-aware thresholding for D2D link activation; (ii) imposing guard zones around cellular BSs; these two schemes are described below.
A. SIR-Aware Opportunistic Access Control
Previous work on distributed opportunistic access control has mainly focused on received signal strength (RSS) or channel-aware thresholding [8] , [20] , [22] . Driven by the fact that local channel state information (CSI) can be obtained by sending training sequences to the receiver, the activation probability is then calculated as the probability that the RSS or SNR (channel strength) is above a certain threshold. For i.i.d. Rayleigh fading, the access probability for D2D links under threshold-based channel-aware scheduling is given by
, where G min is an optimized threshold. In that case, the set of active D2D links will form a homogeneous PPP as the thresholding operation results in independent thinning of a homogeneous PPP. Existing results on the interference distribution and the outage probability in Poisson networks can be directly applied (e.g. see [20] ). The main drawback of this approach is that a potential D2D link with very strong received signal but which also receives very strong interference may be activated, hence resulting in an unsuccessful transmission due to decoding errors. In other words, a D2D link with high SNR/RSS but low SINR might be activated, having marginal or even detrimental effect on the sum rate.
For that, we propose a distributed SIR-aware opportunistic access scheme that takes into account both received signal strength and interference level. A potential D2D link is allowed to access the spectrum when its estimated SIR is above a prescribed threshold. 1 This scheme can use measured or estimated SIR metrics; SIR estimation can be performed prior to thresholding by allowing all D2D transmitters to transmit a reference signal to their associated receivers and calculate the received SIR. Here, the received SIR only depends on the received signal strength and the aggregate interference level, thus a node does not require CSI knowledge of each interfering link. Alternatively, SIR estimation techniques based on sounding reference signal (SRS) in TDD systems or demodulation reference signal (DM-RS) could be applied [36] - [38] , with the latter being more robust. Note that several estimation schemes (e.g., DM-RS, IMR and NZP CSI-RS based interference measurement) are currently being discussed in 3GPP 5G NR standardization activities. In that case, the proposed SIR-aware link activation scheme may use a two-stage protocol: in the first stage, each potential D2D link estimates its link quality (e.g. a certain function of SIR) at the beginning of each time transmission interval, and in the second stage, only the qualified D2D links, i.e. those with high estimated SIR, are allowed to be active for the rest of the transmission interval. Evidently, the first stage should consume a negligibly small fraction of the whole resource block. Let G denote the SIR threshold, the distribution of qualified D2D transmitters with adequately good SIR is described by
B. Cellular Guard Zones
Any effective and reasonable design of D2D underlaid cellular networks should guarantee that devices engaging in D2D communication lie in close proximity of each other and that there is sufficient spatial separation between cellular and inband D2D transmissions. One way to achieve the latter is by creating guard zones around cellular users or BSs and controlling the spacing that occurs in dense network deployments. Recall that we consider the scenario where D2D links opportunistically access cellular spectrum allocated for uplink communication. The cellular BSs act as receivers in that case, which means that the interfering nodes should be kept away from the BSs instead of the cellular users/transmitters. Therefore, in this work, we impose cellular guard zones around the BSs where no D2D transmitters can lie in. In other words, the guard zone creates a minimum separation among macro BSs and D2D devices. By doing that, cellular uplink transmissions are protected from excessive interference due to D2D communication.
Imposing cellular guard zones may create holes around the BSs. When the initial distribution of the potential D2D transmitters is a homogeneous PPP (e.g., without SIR-aware access criterion), when applying the guard zone technique, the distribution of active D2D transmitters follows a Poisson Hole Process (PHP)
, where x i −y j denotes the Euclidean distance from the i-th D2D transmitter to the j-th BS, and δ denotes the guard zone radius. This model captures the spatial separation and the deactivation of D2D devices in the considered network.
The density of Φ H is given by [28] , [29] 
Combining the SIR-aware access control and the cellular guard zones, our link activation scheme can exploit the D2D links with potentially high success probability and offers additional protection beyond that brought by the cellular guard zone, and -if properly optimized -it may increase the network throughput. More formally, a potential D2D transmitter requesting access must (i) have an estimated SIR exceeding a predefined threshold; (ii) be outside the cellular guard zones. Thus, the transmission mode (active or not) of each potential D2D transmitter x i ∈ Φ D is defined by
whereŜ IR
is the estimated SIR of the pair i when all potential D2D transmitters are active. The distribution of active D2D transmitters, denoted by Φ A = {x i ∈ Φ S : x i − y i > δ, ∀i ∈ N + } cannot be exactly described by a PHP, because the potential D2D transmitters Φ S with high estimated SIR are no longer distributed as a homogeneous PPP due to the dependent thinning. In Section IV, we will provide further analysis on the distribution of Φ A and its impact on the network performance.
IV. PERFORMANCE ANALYSIS
In the previous section, we have introduced the decentralized D2D access control scheme, whose performance clearly relies on the SIR threshold G and the guard zone size δ. The objective of this section is to investigate the effect of the design parameters of the proposed access scheme on the network performance, namely the potential throughput of the D2D network and the cellular coverage probability. Based on the results of this section, we will provide in Section V the optimal system operating parameters as a means to maximize the D2D potential throughput, keeping the cellular link quality above a certain quality level.
A. Step 1: SIR-Aware Opportunistic Access
In this section, we analyze the success and the coverage probability in the D2D and cellular tier, after applying the first step of the decentralized access scheme: the SIR-aware opportunistic access control.
1) D2D Link Success Probability: The D2D link success probability is defined as the probability that the SIR of a random D2D link is higher than a prescribed SIR target β. Remind that with the SIR-aware activation condition, the set of potential D2D transmitters with high estimated SIR is defined by
Averaging over different realizations, the probability that a random potential D2D link that has higher estimated SIR than the threshold G is given by
which follows simple derivations from the SIR distribution in PPP networks [39] . We denote p s the D2D access/activation probability, which can be also considered as the percentage of D2D links that have higher estimated SIR than G in a random PPP realization of Φ D . Therefore, the average intensity of Φ S is equal to λ D p s . Note that p s is a mean value by averaging over the fading statistics and realizations of the PPP Φ D . For a specific PPP realization of Φ D , each D2D link experiences different SIR depending on its location and surroundings, i.e., the locations of its interfering sources. When there are many interferers in the vicinity of this D2D link, this link has less probability to be active than one in an area isolated from close interferers. In other words, the retaining probability of each point in Φ D is affected by how dense the points are within its neighborhood. As the result, Φ S is an inhomogeneous PPP with average intensity function λ D p s .
For the potential active D2D transmitters in Φ S , the success probability can be seen as the fraction of D2D links achieving higher SIR than the threshold β in any realization, given by
The D2D success probability is a conditional probability because for any active D2D transmitter in Φ S , its estimated SIR in the sensing stage must exceed the threshold G. Note that this conditional D2D success probability P(SIR D i∈ΦS > β|Ŝ IR D i∈ΦD > G) concerns two correlated events, i.e., a potential D2D link with high SIR during the sensing stage of our SIR-aware control scheme is very likely to have high SIR once allowed to be active.
Another important performance metric is the potential throughput of the D2D network, which is the average number of successful transmissions of a certain rate (number of bits) that can be supported per unit area per unit time per unit bandwidth. It has units of area spectral efficiency bit/s/Hz/m 2 . The D2D potential throughput in our considered network with SIR-aware activation condition can be written as
where β is the SIR target for successful D2D transmission.
Here, λ D p s is the average intensity of Φ S and p D suc,1 is the success probability of a typical D2D transmitter in Φ S when the target SIR is β. The D2D potential throughput will be used as the main performance metric to be optimized in the following sections, as a means to quantify the benefit in terms of spatial reuse of spectrum resources with underlaid D2D communications.
2) Cellular Coverage Probability:
We define the cellular coverage as the probability of a random cellular link having SIR higher than a given target γ, i.e. (8) , as shown at the bottom of the next page where
denotes the Laplace transform of interference from D2D transmitters [39] ; L Icc (s) = E exp −s
denotes the Laplace transform of interference from uplink cellular users; f l (x) represents the probability density function (pdf) of the cellular uplink distance l. Here, (a) follows from the distribution of the fading variable |g i,i | 2 ∼ exp(1) and P[|g i,i | 2 > s] = e −s . Due to the fact that Φ U is not a homogeneous process, but it is pair-wisely correlated to the distribution of the BSs Φ M , the Laplace transform of interference from interfering uplink users does not follow the same derivations as in the case with PPP-distributed transmitters. Different than the commonly considered Rayleigh distribution f l (x) = 2πxλ M e −λM πx 2 for the distribution of cellular link distance l as in [40] and [41] , a more accurate pdf of l that takes into account the difference between the Crofton cell and the typical cell is provided in [33] as follows
Though Φ S is not a homogeneous PPP, the distribution of interference caused by the D2D transmitters in Φ S to the cellular receivers (BSs) can be seen as approximately equivalent to the case where the interfering nodes are distributed as a homogeneous PPP with intensity λ D p s . Therefore, L I dc can be approximately given by [39] 
As for L Icc , due to the non-stationary distribution of the interfering users Φ u \{x 0 }, an approximation of its density measure as a function of the distance is suggested in [33] 
Note that the above expression takes into account the pair correlation among active cellular users in the Poisson Voronoi cells, thus, it is more accurate than the other approximations of the interfering uplink user density in the literature. Then, the Laplace transform of interference I cc can be obtained as
Proof: See Appendix A. Plugging (11) and (13) into (8), with the pdf of the cellular link distance l given in (9), we have the cellular coverage probability when only applying the SIR-aware access control scheme
B. Step 2: Cellular Guard Zone
After applying the cellular guard zones, a potential D2D transmitter within distance δ to the cellular receivers (BSs) will not be allowed to transmit, even if its estimated SIR exceeds the threshold. The final set of D2D transmitters that are allowed to transmit is defined by Φ A = {x i ∈ Φ S :
Though the distribution of Φ S is not homogeneous PPP, when imposing the cellular guard zones around the BSs in Φ M , due to the inter-layer correlation, the retaining probability of a point in Φ S is approximately equal to the one in a homogeneous PPP with density λ D p s . 2 With the help of (3), the approximated density of Φ A can be obtained by
Similar to (7), the potential throughput of the D2D network can be expressed as
2 Note that it is common to approximately consider the interference caused by a non-homogeneous PPP as caused by a homogeneous PPP with the equivalent intensity function, particularly when the guard zones are involved. The minimum distance separation from an interfering node to the typical user makes the difference between the real interference distribution and the approximated one almost negligible. Taking into account the minimum distance δ between the active D2D transmitters in Φ A and the cellular BSs in Φ M , we provide the cellular coverage probability in the following lemma. (14) and (18), with comparison to the simulation results. First, we see that the theoretical values matches well the simulation results, validating the accuracy of (14) and (18) . Second, we see that imposing cellular guard zones is much more effective than reducing the active D2D link density in eliminating D2D interference to cellular transmissions, which confirms the necessity of guard-zone-based protection techniques in D2D underlaid cellular networks.
Lemma 1: The cellular coverage probability when both SIR-aware access criterion and the cellular guard zones are applied is given by
p C cov,2 (γ) ≈ ∞ 0 5 2 πxλ M e −(5/4)λM πx 2 · exp −2πλ D p s ∞ δ γx α P d Pc u −α 1 + γx α P d Pc u −α udu · exp ⎡ ⎣ −2πλ M ∞ 0 γx α v −α 1 − e − 12 5 λM πv 2 1 + γx α v −α vdv ⎤ ⎦ dx. (18) Proof: See Appendix B.p C cov (γ) = P SIR C i > γ = E l ⎧ ⎪ ⎨ ⎪ ⎩ P ⎡ ⎢ ⎣ |g i,i | 2 l −α xj∈ΦS P d /P c |g j,i | 2 l −α j,i + u k ∈ΦU \{ui} |g k,i | 2 l −α k,i > γ ⎤ ⎥ ⎦ ⎫ ⎪ ⎬ ⎪ ⎭ (a) = E l,ΦS ,ΦU ⎧ ⎨ ⎩ exp ⎡ ⎣ −γl α ⎛ ⎝ xj ∈ΦS P d P c |g j,i | 2 l −α j,i + u k ∈ΦU \{ui} |g k,i | 2 l −α k,i ⎞ ⎠ ⎤ ⎦ ⎫ ⎬ ⎭ = E l L I dc γl α P d P c L Icc (γl α ) = R + f l (x)L I dc γx α P d P c L Icc (γx α ) dx,(8)
C. Impact of Design Parameters
In order to understand how the design parameters (SIR threshold G and guard zone radius δ) of the considered distributed access scheme affect the network performance, we plot the potential throughput of the D2D tier and the cellular coverage probability in Fig. 3(a) and Fig. 3(b) , respectively. Since the activation probability p s is a function of G, as given in (5), here we present the 3-dimensional plots of the D2D potential throughput T D and the cellular coverage probability p and all other parameters are set as in Table I . From Fig. 3(a) we observe that larger δ leads to lower D2D potential throughput. For a given value of δ, there always exists an optimal p s for which the D2D underlaid network maximizes its potential throughput. As for the cellular coverage, from Fig. 3(b) , expectedly, p C cov,2 increases with δ and decreases with p s due to the D2D interference level. Combining these two figures, we can easily understand that there exists an optimal point for which the D2D potential throughput is maximized while guaranteeing that the cellular coverage probability is above a certain threshold, if p s and δ are properly tuned.
V. DISTRIBUTED OPPORTUNISTIC ACCESS OPTIMIZATION
In this section, we optimize the two key operating parameters of the proposed opportunistic access scheme in order to maximize the D2D potential throughput while keeping the cellular link quality above a certain level. The optimization problem is cast as follows
where μ ∈ [0, 1] is the maximum coverage degradation coefficient, and p C max is the cellular coverage probability without D2D interference (single-tier network). From (8) , when λ D = 0, we have
A. Decoupled Optimization
A joint design of δ and p s seems cumbersome to be obtained, mainly due to the involved expressions for the coverage probability and the potential throughput. However, it is not difficult to see that β) . Furthermore, the guard zone radius only affect the constant factor exp(−λ M πδ 2 ) inT D . For any δ, we can search for p s that maximizesT D , which does not depend on δ. Thus, we have the following steps to obtain a suboptimal solution for the problem in (19) . 1) Search for
2) Calculate numerically the minimum guard zone radius δ by solving the following equation
The values of (δ , p s ) solving the decoupled optimization problem are clearly not optimal; however, our simulation results provided in the following section show that the solutions of the decoupled approach are very close to the optimal solution of the joint optimization. In the remainder of this section, we focus on deriving the optimal access probability p s as the solution to (22) , as well as the optimal SIR threshold G according to the relation between G and p s given in (5).
B. SIR Threshold Optimization for Given δ
Although it seems hard or impossible to obtain a neat expression for the conditional D2D success probability
we approximate the optimal access probability p s as the crossing point ofT D (p s ) between the following two regimes:
• if G β, which implies p s → 1, the set of nodes B =
Putting (24) and (25) into (17), the potential throughput of the D2D tier is written as a function of p s as follows.
The suboptimal access probability p s and the correspondent SIR threshold G are given in the following proposition:
The approximately optimal access probability for the proposed SIR-aware opportunistic access scheme (based on the conditional D2D success probability) is given by
where W denotes Lambert W function. The optimal SIR threshold in this case is approximately given as
where ξ = Proof: See Appendix C. Concluding this section, the suboptimal solution to the optimization problem defined in (19) can be found by 1) Obtain p s from Proposition 1.
2) Obtain δ by solving p
The optimized parameters p s and δ can be easily calculated at the cellular BSs, which will also be responsible of broadcasting the optimized SIR threshold G to every D2D transmitter outside the cellular guard zones for the access decision.
VI. SIMULATION RESULTS
In this section, we assess the performance of the proposed access control scheme for D2D underlaid cellular networks. Simulations are performed on a square region of 5000 × 5000 m 2 . Both cellular BSs and potential D2D transmitters are distributed according to a homogeneous PPP with intensity λ M and λ D , respectively. The uplink users are uniformly distributed in each Voronoi cell covered by the nearest BS. Each D2D receiver is placed at a random direction around its transmitter with a fixed distance d. Fig. 4 shows a snapshot of the network layout with λ D = 2 × 10 −5 /m 2 and with cellular guard zone radius δ = 250 m. Rayleigh fading is considered for both cellular and D2D links with E[|h| 2 ] = 1. All other parameters are set according to Table I . Simulation results are obtained by averaging over 6000 realizations. The following access strategies are also simulated for comparison and for evincing the performance gains of the proposed scheme:
• Channel-aware access control (AC) with cellular guard zones: the link activation scheme in [20] is applied together with cellular guard zones that satisfy the cellular coverage constraints.
• FlashLinQ scheme [24] with cellular guard zones. The activation threshold in the simulation is chosen as 3dB. The priority mark of each link is uniformly distributed within [0, 1].
• Only guard zone (GZ) scheme: all potential D2D links outside the cellular guard zones are active. The guard zone radius δ is chosen to satisfy the cellular coverage constraints. This basically corresponds to the second step of our proposed access scheme.
• No AC: all the potential D2D links are active.
A. Proposed Access Control With Optimized (p s , δ)
In Figs. 5 and 6 we present the optimized D2D access probability p s and the cellular guard zone radius δ for different D2D link density values. Here, the simulated quasi-optimal solutions are obtained by exhaustively searching within the two-dimensional space (δ, p s ) with 100 evaluation points within the first dimension δ ∈ [0, 200] m and 40 evaluation points within the other dimension p s ∈ [0, 1]. The theoretical values of p s and δ are obtained from Proposition 1 and from (23), respectively. We see that our analytical results of p s and δ ) are relatively close to the simulated quasi-optimal solutions. The gap between the analytical and simulation results is mainly due to two reasons:
• We have used the lower boundT D (p s ) of the D2D potential throughput to search for the optimal access probability p * s . By ignoring the effect of δ in the optimized p s , the theoretical values derived from Proposition 1 is expected to be smaller than the real optimal values of p s . As the result, the theoretical δ * will also be smaller than the simulated quasi-optimal solutions; • We have made an assumption in (34) about the crossing point of the functionsT D (p s ) in two extreme cases to find the optimal p s . This might also lead to approximation errors.
B. D2D Potential Throughput and Average Sum Rate
With Optimized (p s , δ)
In Fig. 7 we evaluate the potential throughput of D2D links applying the proposed distributed access control protocol. The results are obtained with p s and G as given in Proposition 1 and guard zone radius δ that satisfies (23) . The cellular coverage probability without D2D interference is p For comparison, we plot the simulated quasi-optimal potential throughput and average sum rate of D2D links obtained through exhaustive search, demonstrating that the decoupled approach for optimizing the proposed scheme gives very close performance to the optimum. Compared to alternative access control schemes, we observe that our proposed method improves the aggregate throughput and provide evident performance gain. From Fig. 7 , we see that the SIR-aware access scheme improves the network performance for any range of D2D densities, while the channel-aware method exhibits gains compared to the only GZ scheme starts for densities starting from λ D = 4 × 10 −5 . This showcase the importance of taking into account the correlation between the estimated SIR in the sensing phase and the real SIR of active D2D links in the transmission phase when searching for the optimal access probability p s .
In Fig. 8 , we show the average sum rate (per unit area) of D2D links obtained from our proposed scheme with comparison to other reference schemes. The average sum rate per area of D2D links (bps/Hz/m 2 ) is obtained by R D = E i∈ΦA log 2 (1 + SIR i ) /S, where S is the area of the network region. Note that even though the objective of this paper and hence of our optimization problem was to maximize the D2D potential throughput under cellular coverage constraints, using p s and δ with our proposed approach can also improve the average sum rate of D2D network.
C. Cellular Coverage Probability and Average Sum Rate
In Fig. 9(a) and Fig. 9(b) , we show the cellular coverage probability and the average sum rate per area (bps/Hz/m 2 ) of the cellular tier, achieved with our proposed p s and δ . The results are only compared with the baseline scheme without access control because the three alternative schemes (FlashLinQ with GZ, channel-aware scheme with GZ, only GZ) would give very similar cellular performance as our proposed access scheme, as the result of the guard zone protection. From these two figures, we see that the guard zone technique guarantees a minimum cellular coverage and improves much the cellular average sum rate compared to the case without any access control.
VII. CONCLUSIONS
In this work, we proposed a decentralized access control scheme for D2D underlaid cellular networks, which combines SIR-aware link activation with cellular guard zones. Using tools from stochastic geometry, we characterized the impact of the SIR threshold and the guard zone range on the potential throughput of D2D communications and on the cellular coverage probability. A tractable approach was proposed in order to find a close-to-optimal SIR threshold and guard zone radius that maximize the potential throughput of the D2D tier while guaranteeing sufficient cellular coverage probability. The main takeaway of this paper is that very large throughput gains can be achieved in D2D underlaid cellular networks using distributed SIR-aware scheduling in conjunction with cellular guard zones. Future work could investigate the effect of multiple antennas at the base stations and joint optimization of device association, load balancing and interference avoidance. 
where (a) follows from the probability generating functional From (8), we have
